Strains of the chestnut blight fungus Cryphonectria parasitica harboring RNA viruses of the genus Hypovirus exhibit significantly reduced levels of virulence (called hypovirulence). The accumulation of a heterotrimeric GTP-binding protein (G protein) a subunit of the G1 class was found to be reduced in hypovirus-containing C. parasitica strains. Transgenic cosuppression, a phenomenon frequently observed in transgenic plants, reduced the accumulation of this cr subunit in virus-free fungal strains. Significantly, the resulting transgenic fungal strains were also hypovirulent. These results indicate a crucial role for G-protein-linked signal transduction in fungal pathogenesis and suggest a molecular basis for virus-mediated attenuation of fungal virulence.
Strains of the chestnut blight fungus Cryphonectria parasitica stably infected with members of the genus Hypovirus exhibit reduced levels of virulence (called hypovirulence) (1, 2) . Since these viral elements are transmissible to vegetatively compatible fungal strains through fused hyphae (anastomoses), application of an appropriate hypovirulent strain can result in conversion of a recipient virulent strain providing the basis for biological control (1, 3) . The development of an infectious cDNA copy of a hypovirus RNA (2) has further enhanced the potential for effective biological control by leading to the construction of engineered hypovirulent fungal strains that exhibit modes of hypovirus transmission not observed for natural hypovirulent strains (4) . It is also possible to modify hypovirus genetic information in the context of the infectious viral cDNA to generate hypovirulent strains altered in specific phenotypic traits (5) . Chen et at (6) recently demonstrated that transfection-mediated introduction of infectious hypovirus RNA transcripts into several other fungal pathogens not previously shown to harbor hypoviruses also results in profound phenotypic changes including hypovirulence, thus broadening the potential application of virus-mediated hypovirulence to other fungal pathogens.
It is now well established that hypovirus infection modifies the gene expression profile of the fungal host (7) (8) (9) (10) (11) (12) (13) . Such alterations presumably cause the array of phenotypic changes observed in hypovirulent strains, including virulence attenuation. Thus, an understanding of the mechanisms involved in virus-mediated alteration of host gene expression is likely to provide insights into fungal virulence. Several recent studies have shown that hypovirus infection suppresses expression of the gene lac-1, encoding the enzyme laccase, at the level of transcriptional promoter activity and that the mechanism involves perturbation of signal transduction pathways that normally govern lac-1 transcription in virus-free strains (10, 11) . Although a role for laccase in fungal infection remains to be demonstrated, it is tempting, by way of extrapolation, to speculate that hypovirus-mediated attenuation of fungal vir-
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ulence involves an alteration of the signal transduction cascades required to mount the pathogenic response. One approach to test this possibility is to examine the effect of hypovirus infection on the action or accumulation of homologues of proteins known to function as components of signal transduction pathways in other eukaryotic organisms. Heterotrimeric guanine nucleotide-binding proteins (G proteins) are a family of regulatory proteins that play an essential role in the response of eukaryotic cells to a variety of environmental stimuli (14) and are likely candidates as transducers of molecular cues that drive the fungal infection process. This report describes the cloning and characterization of two genes encoding G-protein a subunits from C. parasitica, cpg-1 and cpg-2. t It is further shown that accumulation of the cpg-1 product (CPG-1) is significantly reduced in a hypoviruscontaining hypovirulent C. parasitica strain, providing evidence for hypovirus-mediated suppression of a specific component of a signal transduction pathway. Reduced CPG-1 accumulation in virus-free transformants containing sense orientation cpg-1 transgenes, an example of transgenic sense suppression (cosuppression) in a fungal system, also resulted in attenuation of fungal virulence. These results are discussed in terms of the role of G-protein-linked signal transduction in fungal pathogenesis and the molecular basis of virus-mediated attenuation of fungal virulence.
MATERIALS AND METHODS
Fungal Strains. C. parasitica strains EP155 (ATCC 38755, virulent, mycovirus-free) and EP713 (ATCC 52571, isogenic to EP155, hypovirulent, contains hypovirus CHV1-713) were maintained on Difco potato dextrose agar (PDA) as described (15) .
Cloning and Characterization of cpg-l and cpg-2. Screening of a C. parasitica genomic library, subcloning, and other routine procedures were performed according to standard protocols (16) . Characterization of gene organization, including identification of intron/exon junctions, was performed as described (10) . Sequence analysis was performed by the dideoxynucleotide chain-termination method (17) using Sequenase reagents (United States Biochemical) or with an Applied Biosystems Taq DyeDeoxy terminator cycle sequencing kit according to the manufacturer's instructions. PCR analyses (18) were performed with 10 ng of fungal DNA prepared as described (19) by using the following parameters: 94°C, 1 min; 50°C, 0.5 min; 72°C, 1 min (30 cycles for the GPO110-GPO125 pair) and 94°C, 1 min; 55°C, 0.5 min; 72°C, 1 min (30 cycles for the GDH42-GPO101 and GDH42-GPO120 pairs) (see Fig. 3 Proc. Nati Acad ScL USA 92 (1995) assays were performed on dormant chestnut tree stems as described (2, 20 
RESULTS
Cloning and Characterization of C. parasitica G-Protein a-Subunit Genes. Genes encoding two C. parasitica heterotrimeric G-protein a subunits were identified and characterized. Initial probes were obtained by PCR amplification of C. parasitica genomic DNA by using degenerate oligonucleotides corresponding to conserved regions of G-protein a subunits from several organisms ( Fig. 1 ) (23). Sequence analysis of amplicons in the 200-to 300-bp range revealed two species with deduced amino acid sequences related to known Gprotein a subunits. Using these amplicons as probes, presumptive G-protein a-subunit genes cpg-1 and cpg-2 were isolated.
The predicted amino acid sequence for the protein product of cpg-1 (CPG-1) ( Fig. 1 ) was found to be 98% identical to a Gi-protein a subunit from Neurospora crassa (24) and 54% identical to rat, human, and bovine Gi-protein a subunits (25).
The 353-amino acid sequence contained consensus myristoylation (MGXXXS) (26) and pertussis toxin-labeling (CXXX) (27) sites at the N and C termini, respectively, characteristic of members of the GU-protein a-subunit family (28). The predicted protein product of the cpg-2 gene (Fig. 1) virus-containing strain (Fig. 2) . These results indicate that hypovirus infection suppresses the accumulation of a specific component of a signal transduction pathway.
Transgenic Cosuppression of CPG-1 Accumulation and Attenuation of Fungal Virulence. To determine the consequence of altered CPG-1 levels on fungal phenotype in the absence of virus infection, C. parasitica transformation/ expression vector pCPXHY1 (2, 5) was used to introduce copies of cpg-1 into virus-free C. parasitica strain EP155 in either the sense or antisense orientation. A survey of stable transformants containing the antisense construct revealed no changes in colony morphology or reduction in CPG-1 accumulation (data not shown). However, altered colony morphology was observed for '60% of the transformants that contained ectopic cpg-l sense copies. These results required a detailed examination of the transformants to confirm the orientation of the introduced transgenes and the integrity of the endogenous cpg-l locus.
Confirmation of cpg-J integrity was accomplished by PCR amplification of the endogenous cpg-1 gene using primers (GPO110 and GPO125) that corresponded to sequences in portions of the cpg-l promoter and 3'-untranslated regions (Fig. 3A) . The sense and antisense transgene constructs lacked the cpg-1 promoter region that contained the GPO110 primer sequence. Amplification of the same 1661-bp amplicon from DNA of all transformants and from nontransformed strain EP155 indicated the absence of transformation-mediated disruption of cpg-1 (Fig. 3B) . Confirmation of the orientation of the integrated cpg-1 transgenes was accomplished by using primer sets consisting of GDH42 and either GPO120 or GPO101, oligonucleotides of opposite complementarity located within the third exon of the cpg-1 sequence (Fig. 3A) . The location of the GDH42 priming site (not indicated in Fig. 3A ) lies within the glyceraldehyde-3-phosphate dehydrogenase gene promoter of vector pCPXHY1 used to express the sense and antisense cpg-1 inserts at a position 92 nt upstream of the Stu I insertional cloning site. As predicted, 1008-bp amplicons were generated from DNA of sense transformants 1310 and 1318 with the sense constructspecific primer pair GDH42-GPO101 but not with the antisense construct-specific primer pair GDH42-GPD120 (Fig. 3B) . Converse results, generation of 690-bp amplicons with the antisense construct-specific primers but not with the sense construct-
Mll 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 specific primer pair, were observed for the antisense transformants 141 and 142 (Fig. 3B) , confirming the orientations of the cpg-1 transgenes introduced into the selected transformants. When cultured on PDA, many of the sense transformants grew more slowly than EP155, had uneven colony margins, sparse aerial hyphae, an intense brown/orange pigmentation rather than the normal orange pigmentation, and absence of concentric orange growth rings, suggesting disruption of response to light/dark cycles (Fig. 4A) . These alterations were stable and qualitatively similar among the transformants but varied in degree between transformants as illustrated by representative sense-transformants 1310, 1316, 1317, and 1318 (Fig. 4A) . It is noteworthy that when cultured in potato dextrose broth or on tannic acid-containing Bavendamm's medium (29), these cpg-1 sense transformants did not grow more slowly than, or look appreciably different from, nontransformed strain EP155 (data not shown). As shown in Fig.  4B , we found, by Western analysis, less CPG-1 in the sense transformants that showed altered phenotype than in control strain EP155, and there was a clear correlation between the level of CPG-1 suppression and the severity of the phenotypic alterations.
Hypoviruses cause a variety of interesting and profound phenotypic changes in their fungal hosts (5, 6, 19, 30) . From both a basic and practical perspective, the most interesting change is attenuation of fungal virulence. To test whether suppression of CPG-1 accumulation in the absence of virus infection affected virulence, two sense transformants, 1310 and 1318, that were suppressed as much as the natural hypovirulent strains were examined in the standard dormant chestnut tree stem virulence assay. As indicated in Table 1 , two representative antisense cpg-l transformants produced cankers not significantly different in size from those produced by the nontransformed virulent strain EP155. In contrast, the sense transformants 1310 and 1318 both caused small lesions, similar in size to those produced by the natural hypovirus-containing hypovirulent strain EP713. Thus, CPG-1 suppression either in hypovirus-infected strains or in virus-free cpg-1 sense transformants correlates with attenuation of fungal virulence.
DISCUSSION
The ability of a microbial pathogen to sense and respond to an array of molecular cues during the infection process ultimately determines the rate and magnitude of that process. The combined results presented in this report indicate that one way in which hypoviruses attenuate fungal virulence is by suppressing the accumulation of a key component of a G-protein-linked signal transduction pathway required by the fungal host to mount a pathogenic response. It is also clear from even a cursory examination that natural hypovirulent strain EP713 exhibits a number of phenotypic traits that are not observed in CPG-1-suppressed, virus-free transformants, such as reduced orange pigmentation and suppressed conidium production (2, 30) (Fig.  4) . These differences indicate that multiple regulatory components and cascades, in addition to CPG-1 and the CPG-1-linked signaling pathway(s), are altered by hypovirus infection. Thus, it is also conceivable that multiple mechanisms of virulence attenuation are operating in the same or among different hypovirusinfected straims. In the broader context, these results confirm and extend a previous report that hypovirus infections fundamentally alter signal transduction processes in their fungal hosts (11) .
It is now well established that the introduction into plants of sense alterations consistently displayed the same set of changes, differing only in severity. Moreover, the severity correlated with the level of CPG-1 suppression (Fig. 4) . It is worth noting thatwe have not previously observed this specific set of phenotypic changes in thousands of C parasitica transformants generated with the same basic transformation vector (pCPXNY1) over the past several years or among the isolates generated from control transformations using the vector alone. Thus, it is highly unlikely that the consistent phenotypic changes that were observed for the cpg-1 sense transformants are due to mutations unrelated to CPG-1 accumulation arising from integrative gene disruption by the transformation vector. The extension of the phenomenon of transgenic cosuppression to a filamentous fungus in the form of cpg-1 sense suppression provides a highly tractable experimental system for future mechanistic studies and has implications for development of new strategies for manipulation of fungal gene expression. (Fig. 3) . Transformants 1310 and 1318 were chosen for the virulence assay because the level of CPG-1 suppression in these strains most closely resembled that observed for a hypovirus-infected strain (Fig. 4B) .
As is observed for G proteins in other eukaryotes (14) , CPG-1 in C. parasitica is likely to be involved in the transduction of a variety of different stimuli with the result that specific subsets of genes are coordinately regulated depending on the prevailing environment. Thus, one would expect that CPG-1 cosuppression would also result in different phenotypic consequences depending on the nature of the environmental surroundings. Consistent with this prediction, transformants severely suppressed in CPG-1 accumulation grew slowly on PDA medium (Fig. 4A) , while the same transformants grew rapidly and had few detectable morphological alterations under other growth conditions, such as shake cultures containing a rich liquid medium (potato dextrose broth) or on a less rich medium, such as tannic acid-containing Bavendamm's medium (29). In addition, there appears to be no disruption in the important function of conidium production under standard laboratory conditions (data not shown). The observation that these transformants are attenuated in virulence ( Table 1 ) strongly suggests that some of the genes required for fungal virulence are also regulated by the CPG-1-linked signaling pathway.
Evidence implicating G-protein-linked signal transduction in fungal pathogenesis supports the emerging view that the role of putative virulence determinants should be considered within the broader context of the regulatory pathways that govern their elaboration at the host-pathogen interface. The correlation between CPG-1 suppression and virulence attenuation also suggests that components of signal transduction cascades would be valuable targets for future development of antifungal therapeutic agents and biological control strategies.
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